Wnt-1, a putative signaling molecule, is required before the 7 somite stage (E8.5) for the development of midbrain structures in the mouse. We show here that Wnt-l is also needed for the formation of a boundary between the mesencephalic and metencephalic domains of the neural tube. In embryos homozygous for the Wnt-1 Sw allele, mesencephalic and metencephalic markers fail to segregate and the establishment of a straight limit of Otx-2 and Wnt-I expression at the mid-hindbrain junction is impaired. In addition, as observed previously in heterotopic mes/metencephalic transplantation experiments in avian embryos, Wnt-J expression is induced at the border of ectopic mes-and metencephalic islands observed in Wnt-iSw'sw mutants, suggesting that, in situ, interactions between mes-and metencephalic cells reinforce Wnt-I expression at the boundary.
Introduction
The Wnt-1 gene, which codes for a secreted putative signaling molecule, and the mouse and chick homologs of Drosophila engrailed, En-l and En-2, which code for homeodomain containing transcription factors, are expressed in overlapping domains at the mid/hindbrain junction (Shackleford and Varmus, 1987; Wilkinson et al., 1987; Gardner et al, 1988) . In Drosophila, a major regulatory loop involves wingless (wg, D.Wnt-I) , the Wnt-1 Drosophila homolog (Rijsewijk et al., 1987) , and engrailed (en) in the organization of segments (Ingham and Martinez Arias, 1992) and imaginal discs (Couso et al., 1993; Williams et al., 1993) . It has been suggested that mutual stabilization between Wnt-I and En is important for early mes/metencephalic patterning in the mouse (McMahon et al., 1992) . Indeed, mouse mutants homozygous for Wnt-1 (McMahon and Bradley, 1990 ; Thomas ' Present address: Department of Molecular Biology, Princeton University, Princeton, NJ 08544, USA.
and Capecchi, 1990; Thomas et al., 1991) or En-l (Wurst et al., 1994) null alleles fail to develop a large portion of the brain at the mid/hindbrain junction.
On the other hand, in Drosophila, the mutual interregulations between wg, en and other segmentation genes are context dependent and evolve rapidly in time (DiNardo et al., 1988; Heemskerk et al., 1991) . In vertebrate also Wnt-I could play different roles at later stages of midlhindbrain development. Heterotopic transplantation experiments in avian embryos have shown that Wnt-I expression was reorganized in the grafts and induced in the host neuroepithelium (Bally-Cuif and Wassef, 1994) . The graft and host cooperated in the formation of a single continuous line of ectopic Wnt-1 expressing cells which was frequently located at the limit between territories expressing different positional markers. This suggested that, in addition to its early requirement for the development of the whole met/mesencephalic territory, Wnt-1 was also involved in the formation or the stabilisation of a boundary between differently committed territories. To further support this interpretation, we examined the development of the metimesencephalic boundary in the absence of a functional Wnt-1 protein.
The swaying mutation results from the deletion of a single base pair in the protein coding region of the Wnt-1 (Wnt-P': Lane, 1967; Thomas et al., 1991 Bradley, 1990; McMahon et al., 1992) . In Writ-P"""" embryos, the mes/metencephalic domain is partially rescued which offers the opportunity to examine later aspects of Wnt-1 function. We examined the effect of the swaying mutation on several region-or neuron-type specific markers of the midlhindbrain junction. We found that the formation of a straight limit of gene expression was disrupted at the met/mesencephalic junction of E9.5-E14.5 homozygous swaying embryos resulting in the inappropriate expression of position-specific markers in patches of neuroepithelial cells. Moreover, in Wnt-lsw'sw embryos, the mutated Wnt-lsw gene was expressed where specific combinations of cell identities contact each other. This pattern was similar to that observed previously at the border between graft and host in avian chimeras (BallyCuif and Wassef, 1994) . In many cases, the confrontation of cells with different identities seems thus to result in the formation of a boundary structure at their interface and Wnt-1 induction appears to be part of this process even in the absence of Wnt-1 function. (Couso et al, 1993; Diaz Benjumea and Cohen, 1993) . In both fly and mouse, the two functions evolve in parallel with a dynamic reorganization of Wnt-1 expression pattern.
Results

Otx-2 and Wnt-1 share a common limit of expressions at the mid/hindbrain junction of mid-gestation embryos
From E10.5 on, the homeobox gene Otx-2 (Simeone et al., 1992) is expressed in the anterior neural tube of mouse embryos up to a caudal limit at the mid/hindbrain junction ( Fig. lA,C ; Simeone et al., 1992) . Caudally, Otx-2 is expressed in the tela choroidea (Boncinelli et al., 1993) and in a row of cells in the adjacent rhombencephalon (Fig. 1A) . It is thus a convenient marker of the mesencephalic phenotype and the choroid plexus as opposed to the metencephalic territory. At this stage, Otx-2 shares common limits of expression with Wnt-1 (Fig. lB,D) . The cerebellar primordium is delineated both rostrally, at the The caudal limits of Wnt-I and Ofx-2 expressions align progressively and are almost coincident from E9.5 onwards (see Fig. 1 ) The location of the future Wnt-I positive ring is identifiable after the 8 somite stage (arrow in C2) Note that Wnf-l and 01x-2 ate not transcribed on the edge of the rhombomere 1 and cerebellar plate at E9 (arrow in F). G: schematic drawing illustrating the similar organization of the mes/metencephalic and choroid plexus cerebellum limits at El05 Wnt-l is represented in blue and Otr-2 by a red shading.
Wnt-IsWJSW homozygous mutant embryos between embryonic day 8.5 (E8.5) and E14.5 (Figs. l-4) using in toto in situ hybridization.
In embryos older than E9.5, the dissected neural tube was opened on the dorsal midline and flat mounted, the two halves of the met/mesencephalicregion being flattened on both sides of the ventral In the mutants, Wnt-1 expression extends on the edge of the cerebellar plate (arrowheads) and in the choroid plexus (asterix in E). It also extends further caudally on the ventral midline (open arrows in E, F). Ectopic Wnt-1 positive patches were also found near the met/mesencephalic ring and at the edge of the cerebellar plate (B,C,E) War-1 expression at the met-mesencephalic junction is often asymmetrical (C) In Wnf-Isw'sw embryos, the Orx-2-positive and negative domains are not clearly separated (G, I, the arrows point at negative patches in the mesencephalon) midline. The lateral part of these preparations corresponds to the dorsal neural tube, an orientation similar to that of E8.5 embryos in which the neural tube is still open.
Formation of the mes/metencephalic
and choroid plexuskerebellar boundaries in normal mouse embryos In the neural tube of 3-5 somite embryos, the Otx-2 ( Fig. 2A,B) and Wnt-I ( Fig. 2A ) expression domains overlapped extensively, Ok-2 expression extending more rostrally and Wnt-I expression more caudally and laterally. Whereas Otx-2 was expressed uniformly in the anterior neural tube ( Fig. 2A,B) , strongly Wnt-Z-positive cells were juxtaposed with weakly positive or negative cells resulting in a punctate labeling pattern ( Fig. 2A,C -F, and McMahon et al., 1992) . Three to four rows of Wnt-lpositive cells were found caudal to the fuzzy posterior limit of Otx-2 expression. Laterally in the still open neural tube, the prospective dorsal neuroepithelium was Wnt-lpositive and Otx-2-negative.
The presumptive mes/metencephalic boundary could first be identified at the 8 somite stage as an accumulation of Wnt-l-positive cells inside the Wnt-l expression domain (arrow in Fig. 2C ). At this stage the caudal limit of Wnt-1 and Otx-2 expressions still differ by 3 to 4 rows of cells. At later stages, the expression of Wnt-I disappeared from scattered cells, first, on the caudal side of the narrowing Wnt-I expressing ring (embryo 3 in Fig. 2C ,D-F), then rostrally (Fig.  3A) . From E9.5 to E12.5, the two caudal limits of expression appeared almost coincident (Fig. lC,D) . Beginning from E10.5, a wedge of cells containing Wnt-I transcripts extended caudally beyond the Otx-2 domain on the dorsal midline (Fig. lD, arrow) . The mes/meten-cephalic junction was still marked by the sharp caudal limit of Otx-2 expression until at least El 5.5. Fig. 4 . Wnt-fsw expression is induced at the limit of ectopically located mes-or metencephalic fragments in the neural tube of Writ-P"""" mouse embryos. A-F: Wnt-Z (red) and Orx-2 (blue) transcripts were detected in the mes/metencephalic region of E10.5 wild type (A) and Wnt-f sw'sw (B-F) embryos. The entire figure show flat-mounted preparations (same orientation as in Fig. 3 ). The mixing of the Otx-2-positive and -negative domains in the Wnt-lSW'sW mutants is observed irrespective of the presence of Wnt-lsw -expressing cells at the border (compare D, which has an almost complete Wnt-1 ring, B, where only the dorsal part of the ring is present (arrow) and C, which has no Wnt-I-expressing cells). Ectopic patches expressing both Wnf-1 and Otx-2 are found near the mes-lmetencephalic junction (small arrows in D) and the edge of the cerebellar plate (double arrows in B and D). F is a high power view of the cerebellar edge of a Wnt-ISW'SW embryo; note that Wnt-Z and Otx-2 expressions in the ectopic patches (black arrows) and on the edge of the plate (white arrows) are in mirror image. Wnr-I-positivelotx-2-negative regions are also found in some cases near the Wnt-Z ring (large arrow in D, enlarged in E).
Wnt-I and Otx-2 expressions also overlapped at the of Wnt-Z expression at the level of rhombomere 4 ( Fig.  choroid plexuskerebellar boundary. In 6-8 somite em-2C). From E10.5 onwards, the Wnt-I (Fig. 1B) and Otx-2 bryos, scattered groups of Wnt-l-positive cells were pres- (Fig. 1A ) dorsal midline expression domains extended ent on the lateral edge of the neural plate up to the patch along the edge of the cerebellar plate in overlapping rows of cells. The whole tela choroidea was strongly Otx-2-positive (Boncinelli et al., 1993) . Thus, in spite of differences in time course, the formation of the met/mesencephalic and cerebellumkhoroid plexus limits present several similarities. In both cases the cerebellar primordium is delineated from an adjoining
Otx-2 expressing territory. The row of Wnt-I expressing cells straddles the Otx-2 limit and extends slightly into the cerebellar plate.
litters resulting from heterozygous swaying intercrosses we could not find any difference in morphology or in the distribution of VW-l-expressing cells between mutant and wild type embryos (not shown). Four ES.5 homozygous swaying ranging from 1 to 9 somites were identified by PCR; Otx-2 expression was indistinguishable from that in stage-matched wild type embryos or heterozygous littermates, in particular on the presumptive dorsal midline (not shown). In E8.5 from E9.5 onwards, based on abnormal brain morphology. In most cases the mutant brains were asymmetric. In E9.5 to E13.5 Wnt-lSw~Sw embryos, Wnt-1 expression was maintained on the dorsal and ventral midlines of mesencephalon and diencephalon.
The dorsal midline expres- sion of Wnt-I was not interrupted in the metencephalon, as it is in wild type (Fig. 3A-F) . In spite of a variability in the extent of brain deletions in Wnt-lsw'Sw embryos, the persistence of a Wnt-l ring at the mes/metencephalic junction on one side always correlated with the extent of brain deletion one this side. In mutant embryos where the mes/metencephalic territory was severely shortened, the Wnt-1 ring was completely missing (Fig. 3C left side and   3F ). When preserved, the mes/met row of Wnt-lexpressing cells was sometimes interrupted (Fig. 3E) or contained clusters of Wnt-I-negative cell (Fig. 3C right  side) . In the metencephalon, scattered patches of ectopic Wnt-Z-expressing cells were found in proximity to the remnants of the mes/metencephalic ring and near the edge of the cerebellar plate (Fig. 3B,C,E) . A short metencephalic extension of the ventral midline Wnt-1 domain was observed in homozygous swaying embryos irrespective of the fate of the mes/metencephalic Fig. 3E,F) .
Wnt-1 ring (open arrows in
The pattern of Oa-2 transcription was examined in E9.5 to E14.5 homozygous swaying embryos. In all E9.5 to E14.5 Wnt-lsw'Sw embryos, the caudal limit of Otx-2 expression was perturbed (Fig. 3GJ) . Ectopic patches of cells containing Otx-2 transcripts were found in the metencephalon.
They were more abundant near the presumptive met/mesencephalic limit and the edge of the cerebellar plate but spread into rhombomere 1 by E10.5, without, however, crossing the rhombomere l/2 boundary ( Fig. 3GJ ; see also Figs. 4B-F and 5G-I). Conversely, patches of Otx-2-negative cells were present in the Otx-2 -positive territory (Figs. 3G,I and 5HJ). Abnormal patterns of Wnt-I and Otx-2 expression were also observed at the choroid plexus/cerebellar limit (see Fig.4B ,
Thus, in homozygous swaying mutants, the formation of a mes/metencephalic and met/choroid plexus boundaries were impaired and cells expressing mesencephalic or choroid plexus and metencephalic traits were often intermingled.
Expression of Wnt-1 in ectopic cell patches in homozygous swaying mutants
Using double-color in situ hybridization we compared the distribution of cells containing Otx-2 or Wnt-ISW transcripts in the metencephalon of homozygous swaying embryos ( Fig. 4B-F) . Mixing of the Otx-2-positive and Otx-2-negative territories was obseryed irrespective of the presence of a mes/metencephalic ,J#nt-1 ring (Fig. 4B-D (Fig. 4B,D-F) . In most patches, Wnt-P'
and Otx-2 expressions did not coincide exactly. In general, Wnt-lsw expression was confined to one side of the patch (Fig. 4E , double arrow; Fig. 4F ) and extended slightly beyond the Orx-2 expressing cells. The polarity of ectopic patches located near the edge of the cerebellar plate was reversed compared to that of the cerebellum/ choroid plexus limit (Fig. 4F) ; (ii) A small proportion of the ectopic Otx-2-negative patches were lined by a row of Wnt-lsw expressing cells. These patches were always located dorsally (see Fig. 4E , white arrow); (iii) Patches of cells expressing Otx-2 alone were found at sites where the Wnt-Z ring was interrupted or missing (Fig. 4B,C) . iv) Cells expressing Wnt-1"" alone were observed in the medialmost aspect of the cerebellar plate near the normal Wnt-l wedge (Fig. 1D ) and, in some cases, the Wnt-1 ring was maintained across an Otx-2-negative territory which bulged out into the Otx-2-positive domain (Fig. 4E , large arrow).
In summary, coexpression of Wnt-lsw and Otx-2 in cell patches was dependent on their positions and on the extent of brain deletions.
Fate of the late Wnt-1 expression domain in homozygous swaying mutants
A variable amount of nervous tissue was deleted at the mid/hindbrain junction, in particular on the dorsal midline. The Wnt-lsw'sw phenotype was asymmetrical and the range of brain deletions were similar throughout development so that the extent of the deletions seemed already established by E9-E9.5. In mildly affected WntlSwiSw embryos, a row of cells expressing the Wnt-lsw transcript persists at the mes/metencephalic junction (see above, and Fig. 4) . We examined in these embryos the fate of neuronal groups which normally form aside the Wnt-l ring. Cranial nerve III and IV motorneurons were immunostained with an antibody directed against the Islet-1 homeodomain protein. In control embryos (Fig.  SA,C ,E,G), these neuronal groups were detected on either side of the Wnt-Z ring from E9.5 onwards. From E9.5 onwards, both neuronal groups were absent in mildly affected Wnt-ISW'SW embryos (Fig. SB,D,F,G) with the possible exception of one or two spared nerve IV motorneurons (Fig. 5D, arrows) . To rule out a possible abnormal regulation of Islet-l expression in cranial nerve III and IV motorneurons in the absence of Wnt-1, we used the 2H3 monoclonal antibody which recognizes neurofilament proteins as a marker of motorneuron differentiation. From E10.5 onwards, 2H3 immunostained cranial nerves III and IV in control embryos, both nerves were missing in Wnt-lsw'sw embryos even when mildly affected (not illustrated). The absence of cranial nerve III and IV motorneurons was confirmed in adult Wnt-lsw'sw mutants by immunostaining for choline acetyl transferase, responsible for the synthesis of the motorneuron transmitter acetylcholine (data not shown). Thus nervous structures which normally lie on both sides of the Wnt-1 ring are deleted even in mildly affected Wnt-lSw'sw mutants in which the Wnt-lsw ring is still present.
As described above, cranial nerve motorneurons III and IV are absent in mildly affected Wnt-Fsw embryos.
In rhombomere 1 (Fig. 5G-I ), the patterns of Islet-l and neurofilament immunoreactive structures were truncated to variable extents but they were not entirely disrupted. Due to massive cell loss in the ventral. neural tube, the neurofilament stained fiber commissures bended rostrally instead of their normal transverse orientation but their general pattern was unchanged (not shown). In general although rhombomere 1 was deleted to variable extents, the organization of its remaining part was not severely distorted. Even in the most affected Wnt-ISw'sw mutants, pattern deletions were not observed in rhombomere 2 (Fig. 5G-I ).
Discussion
It has been shown that Wnt-Z is required at early somite stages for the maintenance of En expression and the development of the mes/metencephalic domain of the neural tube (McMahon et al., 1992 Wnt-I protein or from aberrant cell mixing triggered by the juxtaposition of tissues that normally do not meet. In chick embryos, the fates of the prosencephalic and mesencephalic territories are still plastic at the 9-12 somite stage (Nakamura et al., 1986 (Nakamura et al., , 1988 AlvaradoMallart et al., 1990; Ichijo et al., 1990; Martinez and Alvarado-Mallart, 1990; Martinez et al., 1991; Marin and Puelles, 1994; ) and the cerebellar anlage extends into the caudal third of the mesencephalic vesicle (Martinez and Alvarado-Mallart, 1989; Hallonet et al., 1990 ). As they settle into the metencephalon, the cells of the 'mesencephalic cerebellum' loose Otx-2 expression at the caudal edge of the Wnt-I ring. The Wnt-1 protein could be involved in the ordered progression of cells towards either tectal or isthmo-cerebellar fates. The abnormal segregation of position specific markers could result (1) from an increase in cell mixing due to a modification in the adhesive properties of cells at the mes/metencephalic junction,
(2) from a failure in the down regulation of Wnt-I and Otx-2 expressions because of a block in identity switching in cells which migrate normally across the met/mesencephalic junction or (3) from a de novo up-regulation of
Wnt-1 and Otx-2 expressions in the metencephalon due to a block in cell-cell signalling.
That Wnt-1 could modify the adhesive properties of cells at the mes/mesencephalic junction is suggested by the results of transfection of Wnt-l expression constructs in several cell lines. Wnt-1 expression in these cells leads to an increase in intercellular adhesion probably as a consequence of the observed increase in the intracellular amounts of plakoglobin, /?-catenin and E-cadherin and the modification of their intracellular localization (Bradley et al., 1993 , Hinck et al., 1994 . In the wild type mouse brain, E-cadherin is expressed in discrete domains, in particular in the caudal mesencephalic vesicle from E9.5 onwards (Shimamura et al., 1992 (Shimamura et al., , 1994 . The late onset of E-cadherin expression makes however its involvement in the cell mixing phenotype of Wnt-ISWISW embryos unlikely. Wnt-l function could nevertheless be mediated by other cadherins or cadherin-like molecules. Wnt-1 could also inhibit cell movements through the local modulation of gap junction communications in the neuroepithelium, consistent with its effect when injected into fertilized Xenopus eggs (Olson et al., 1991) . However a number of arguments suggest that the ectopic expression of Otx-2 and Wnt-1 in Wnt-lSW'SWmutants does not only reflect an increase in cell migrations through a leaky mes/metencephalic boundary: (i) fate mapping in the chick (Martinez and Alvarado-Mallart, 1989; Hallonet et al., 1990) has indicated that cells destined to give rise to medial cerebellum do migrate across the Wnt-I ring; (ii) in chick/quail chimeras, removal of an hypothetical obstacle preventing mixing of metencephalic and mesencephalic cells was obtained though the transplantation of pieces of 9-12 somite-stage metencephalic neuroepithelium into the anterior neural tube (Bally-Cuif and Wassef, 1994 ).
This did not result in the mixing of Otx-2 positive and negative neuroepithelia or to the formation of an ectopic Wnt-1 expressing boundary structure suggesting that the metencephalic and prosencephalic neuroepithelia are not freely miscible and also that regeneration at the boundary, which also occurs in grafts, cannot explain the mixing of cell phenotypes observed in swaying mutants; (iii) In addition, some ectopic cell patches at the mes/metencephalic junction of Wnt-lsw'sw embryos express combinations of marker genes which are not easily interpretable in term of abnormal migratory behavior (see for example Fig. 4E ). Also, Wnt-1 and Otx-2 expression in ectopic patches of cells at the edge of the cerebellar plate and at the cerebellum/choroid plexus border are organized in mirror image, making it unlikely that the ectopic patches have detached from the edge and finally, (iv) some of the ectopic islands of cerebellar tissue found at later stages in the mesencephalon (Thomas et al., 1991) do not produce granule cells (our unpublished observation), a characteristic feature of the 'mesencephalic cerebellum' (Hallonet et al., 1990; Alvarez Otero et al., 1993) , which suggests that they were produced by uncoordinated fate choice rather than by migration from the metencephalic vesicle.
However, even if the mixing of cell phenotypes observed in Wnt-ISWISW embryos is not a direct consequence of unrestricted cell movements, cell migrations probably cause the spreading of ectopic patches of Otx-2-positive cells into the whole extent of rhombomere 1 at later stages. However, they never cross the rhombomere l/2 boundary which has been shown to constitute a barrier to cell movements (Fraser et al., 1990) . The stabilization of fate choices by cell-cell interactions probably explains the patchy pattern of Wnt-1 and Otx-2 (and also E-cadherin, see Fig. 2G in Shimamura et al., 1994) expressions. It is unlikely that the observed patchiness results from early fate choices being inherited in the progeny of a given precursor (Lumsden et al., 1994) since clonally related cells do not remain tightly packed in the neuroepithelium (Fraser et al., 1990) .
Regulatory interactions resulting from cell mixing in homozygous swaying embryos
The absence of cranial nerve III and IV motorneurons suggests that the normal Wnt-I territory, which runs between their positions, is deleted even in mildly affected Wnt-lsw'sw mutants. In spite of this, a complete Wnt-I ring persists in some of them. In these cases, as in avian chimeras (Bally-Cuif and Wassef, 1994) Although it is likely that the swaying phenotype results primarily from uncoordinated local fate choices occurring at the early somite stage which impair the formation of a straight met/mesencephalic boundary, the precise pattern of Wnt-1 expression at later stages probably reflects regulatory interactions which are triggered by the juxtaposition of cells with different identities (see Fig. 6 ). A conclusive proof of a late function of Wnt-I would however require a selective knockout.
In conclusion, our study of the swaying mutant phenotype shows that Wnt-1, apart from its early involvement in the stabilization of En expression and the formation of the mes/metencephalic domain (McMahon and Bradley, 1990; Thomas and Capecchi, 1990; McMahon et al., 1992) , also plays a role later in defining a mid/hindbrain boundary and in pattern organization around this limit. It is striking that several aspects of Wnt-l regulation of pattern formation are conserved between systems as different as the Drosophila wing disc and the mouse neural tube. In both systems, Wnt-Z manifests a dual function: Wnt-1 is required at early stages for the stabilization of the morphogenetic field and later is involved in its partition and in the establishment of stable boundaries between subfields (Couso et al., 1993; Williams et at., 1993) . The dynamic reorganization of Wnt-I expression pattern which accompanies these changes in morphogenetic function is also very similar in fly and mouse. Other similar features involve the formation of boundaries around ectopic patches (Diaz-Benjumea and Cohen, 1993; Williams et al., 1994) and the difference in timing between pattern deletions and cell death (Williams et al., 1993, our unpublished observation) . It is however still unclear whether some of the roles of other players, in particular engrailed, in the patterning process have been maintained during evolution or whether new elements have been recruited.
Experimental procedures
Mice
Wnt-P"+ mice were obtained from the Jackson Laboratory on a B6C3Fe background.
Wnt-lsw~sw embryos
were generated by backcrosses into a C57BL/6J inbred line. Wild type embryos used for comparison of the Wnt-1 and Otx-2 expression patterns were obtained from timed matings of C57BL/6J or of outbred OF1 mice (IFFACredo, Lyon, France). We did not detect any difference in the expression of these two genes between these mouse lines.
Genotyping of swaying mutants
DNA was extracted from tails of newborn or adult mice, or from yolk sacs of embryos, using standard protocols. A 274 bp region of DNA surrounding the SW point mutation in the Wnt-I gene (Thomas et al., 1991) was then amplified by PCR using the following oligonucleotides: 5' oligo: AATCACCTCCGCCGGGGTCACA; 3' oligo: TCTCCCCTGCCATTGGTTCCGGA;
and with 30 amplification cycles as follows: 1 min 92"C, 2 min 63°C 2 min 72°C. The amplified band was subsequently digested with the enzyme Bsll (New England Biolabs) at 55°C overnight and the resulting fragments were run on a 1.8% agarose gel. Both oligonucleotides map to a region containing a Bsll site (CCN,GG), and the SW mutation creates an additional Bsll site within the amplified region (Thomas et al., 1991) . Consequently, the mutant alleles produced after Bsll digestion two bands of respectively qf Development 53 (1995) 23-34 33 168 and 86 bp, whereas only one band of 254 bp was obtained for the wild type gene.
Probes
The following cDNA clones were used: a 1879 bp Hind&XbaI fragment of the mouse Wnt-I cDNA cloned into pBluescript KS(+) (Fung et al., 1985) , a 900 bp EcoRI fragment of the mouse Otx-2 cDNA cloned into pGEM3 (Simeone et al., 1992) , and a 980 bp fragment of the chick Otx-2 cDNA, covering 360 bp of coding and 620 bp of non coding 3' sequences, subcloned into pBluescript SK(-) (Bally-Cuif et al., 1995) . The chick and quail Wnt-1 probes are 403 bp cDNA fragments, mapping to position 284-689 of the mouse Wnt-1 sequence (Fung et al., 1985) subcloned into pBluescript KS(+) (BallyCuif and Wassef, 1994) . The probes were synthesized as described (Bally-Cuif et al., 1992) with 0.5 mM ATP, 0.5 mM CTP, 0.5 mM GTP, 0.33 mM UTP, and either 0.17 mM digoxigenin-UTP or 0.17 mM fluorescein-UTP (Boehringer Mannheim) to generate the digoxigeninor fluorescein-labeled probes, respectively. Probes were not hydrolyzed after synthesis.
Whole-mount in situ hybridization
Embryonic neural tubes were manually dissected and fixed in 4% paraformaldehyde (PFA) overnight at 4°C. They were then gradually dehydrated in methanol/PBT (PBS-O.1 % Tween-20) up to 100% methanol and stoced at -20°C. Whole-mount in situ hybridization was performed exactly as already described (Bally-Cuif et al., 1992 , 1995 Bally-Cuif and Wassef, 1994) . The dissected stained neural tubes were cleared in 80% glycerol in PBS-O. 1%  open along the dorsal midline and flat-mounted under a glass coverslip in the same medium.
Histochemistry and Immunocytochemistry
Embryos were processed for whole-mount immunocytochemistry after ISH. After extensive rinses, they were incubated for 48 h at 4°C in the mAb anti-Islet 1 (gift of Dr. Tom Jesse]) diluted to l/200 in PBS-2g/l gelatin-l% Triton x-100 (PGT). This antibody was detected using a peroxidase conjugated sheep anti-mouse IgG (Sigma), and peroxidase activity was revealed in 0.03% diaminobenzidine tetrahydrochloride (Sigma) and 0.005% Hz02 in 0.1 M Tris-HCl (pH 7.6).
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